Precision locking CW laser to ultrastable optical frequency comb by feed-forward method ABSTRACT We locked a 1064 nm continuous wave (CW) laser to a Yb:fiber optical frequency comb stabilized to an ultrastable 972 nm CW laser with the feed-forward method. Consequently, the stability and coherent properties of the ultrastable laser are precisely transferred to the 1064 nm CW laser through the frequency comb's connection. The relative linewidth of the frequency-stabilized 1064 nm CW laser is narrowed to 1.14 mHz, and the stability reaches 1.5 × 10 −17 /s at the optical wavelength of 1064 nm. The phase noise characterization in the 1 mHz-10 MHz range is presented to indicate that feed-forward locking a CW laser to an ultrastable comb will offer a potential technique for many important applications, such as optical frequency synthesis and gravitational wave detection. © 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5121860 ., s FIG. 2. The frequency spectrum and relative linewidth of beat note signals after locking. (a) Frequency spectrum of the beat note signal f out -of -loop at RBW = 1 kHz. The inset at RBW = 1 Hz. (b) The relative linewidth of f out -of -loop is recorded with the blue point (RBW = 0.47 mHz). Under Lorentz fitting (red line), the linewidth is 1.14 mHz.
Optical frequency comb (OFC) and frequency-stabilized continuous wave (CW) lasers are two key components in many applications such as optical clocks, high-resolution spectroscopy, time and frequency transfer, astrocombs, absolute distance measurement, coherent property transfers in optical fields, and space-based gravitational wave detection. [1] [2] [3] [4] [5] [6] [7] [8] In all the above applications, coherent locking between an OFC and a CW laser is generally required. A traditional connection technique is based on a servo phase-locked loop (PLL) electronics that generates appropriate control signals, which are fed back to control the actuators (e.g., the piezoelectric transducer, the acoustic optical modulator, the pump current, or the temperature of the system) in laser. Locking an OFC to a CW laser or locking a CW laser to an OFC has been accomplished with the servo feedback phase-locked loop method in the past few decades. [9] [10] [11] [12] [13] However, the PLL electronics with large servo bandwidth requires more complex circuit design and more careful adjustment of P-I filter parameters. Although a wide bandwidth locking up to 1.3 MHz in the extended cavity diode laser (ECDL) has been obtained by direct feedback control of the injection current of the diode laser with error signal, 14 in most solid-state lasers and fiber lasers, the locking bandwidth of the whole system is usually limited to less than 200 kHz by the properties of the actuator, the noise introduced by a complex circuit, and the pump-gain process. Taking an example of the impact of the solid-state gain medium, in the Ti:sapphire comb, the upper level lifetime of the Ti:sapphire medium is 3.2 μs, which corresponds to the theoretical servo bandwidth of 300 kHz, but in the case of locking the carrier-envelope phase offset (CEO) frequency with the PLL electronics, it typically only reaches approximately 50 kHz. 15 In 2011, a novel feed-forward method, based on an acoustooptic frequency shifter (AOFS) without the PLL, was developed to stabilize the carrier envelope phase offset (CEO) signal in OFCs. 16 Due to the real time response for frequency shift in the AOFS, the CEO control decreased dramatically to 12 as the residual timing jitter was successfully obtained in the Ti:sapphire comb. Since then, the feed-forward configuration has been used in multiple OFCs, such as fiber comb, to minimize the CEO phase noise. 17, 18 In 2012, this scheme was adopted in locking the CW laser to the frequency ARTICLE scitation.org/journal/adv comb by Sala et al. 19, 20 The ∼0.6 MHz feed-forward locking bandwidth and the ∼10 kHz linewidth in the locked CW laser have been demonstrated.
In this letter, we demonstrated an ultranarrow linewidth 1064 nm CW laser by applying the feed-forward method to lock to a Yb:fiber OFC that was stabilized to an ultrastable 972 nm CW laser. 21 The 1064 nm laser beam was separated into a transmitted beam and a first-order diffracted beam with the AOFS. To lock and analyze the 1064 nm CW laser, the beat signals between the comb and these two beams were recorded by in-loop and out-of-loop configurations. The relative linewidth of the out-of-loop beat note was reduced to 1.14 mHz after feed-forward locking the 1064 nm laser to the comb, which was the first time the megahertz-level was accessed by the feed-forward locking technique. Over 3 h of measuring, the frequency shift showed an Allan deviation of 1.5 × 10 −17 in a 1 s sampling rate. We also measured the phase noise power spectral density (PSD) of the stabilized out-of-loop beat note signal from 1 mHz to 10 MHz. The integrated phase noise (IPN) was 381 mrad from 1 Hz to 10 MHz, which corresponds to 216 as timing jitter in a 1 s series. Accordingly, the IPN from 1 mHz to 10 Hz was 20.5 mrad, which corresponds to 11.5 as timing jitter in a long 1000 s series. This long-term frequency stability and extremely low phase noise, especially in a low frequency regime, are of particular importance for the applications of optical frequency synthesis and gravitational wave detection.
The experimental setup is shown in Fig. 1 . The 1064 nm CW laser is a diode-pumped monolithic Nd:YAG laser that operates at single frequency with 500 mW output power. 22 The laser is prestabilized to one of the absorption spectral lines of iodine molecules ( 127 I 2 ). 23, 24 Due to not strictly controlling the temperature of the iodine molecule chamber and eliminating the residual amplitude modulation, the frequency offset of the 1064 nm CW laser still has a few kilohertz jitter in short term and dozens of kilohertz drift in long term after prestabilization. 25 This prestabilized 1064 nm CW laser benefits to the further locking to the ultrastable comb; however, since the 1064 nm CW laser has previously been locked into the absorption spectral lines of iodine molecules, it is difficult to be further locked to an ultrastable comb by feedback internal or external ports to modulate the laser cavity. For this setup, the feed-forward method, just to change the output laser beam frequency instead of modulating any laser cavity internal parameters, is a good solution. The optical frequency comb is based on a 250 MHz, 20 mW, 1030 nm Ybdoped fiber comb that has been stabilized to an ultrastable 972 nm CW tunable diode laser, which has been locked to a high fineness F-P cavity with the Pound-Drever-Hall (PDH) technique. The relative stability of the Yb:fiber comb was reported to reach 2 × 10-18/s, one of the best in Yb:fiber combs, as described in Ref. 21 .
To complete the feed-forward locking between the 1064 nm laser and the ultrastable comb, an AOFS at a center modulation frequency of 80 MHz was inserted into the beam from the 1064 nm CW laser. Its modulation bandwidth is approximately 1.4 MHz, which provides an availability of wide bandwidth phase locking. When the deflection efficiency of the AOFS was set to 10%, the 1064 nm laser beam was divided into a transmitted beam with 450 mW (inloop) and a first-order diffracted beam with 50 mW (out-of-loop). They were then separately superimposed and heterodyned with the nearest line of the Yb:fiber comb.
A self-heterodyne fiber delay technique was used to evaluate the spectral content of both the first order diffracted beam and the frequency comb in Refs. 19 and 20. In our experiment, as the ultrastable laser that the Yb:fiber comb has been locked to has a narrow linewidth on the hertz-level, which means very long coherence length, the self-heterodyne fiber delay technique is not appropriate here. Hence, we build the out-of-loop to detect the beat signal between the first-order diffracted beam and the comb to assess the phase noise characterization of the stabilized CW 1064 nm laser. In the in-loop interferometer, the beat signal was detected by using a photodiode (PD), finloop = | fn − fcw|, where fn is the nth comb mode 
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and fcw is the CW laser frequency. The finloop was then mixed with an RF synthesizer (LO) signal, fLO, which is derived from the frequency synthesizer to generate the driving signal of the AOFS, fAOFS. Thus, it has been shown that fAOFS = fLO ∓ finloop . In the out-of-loop interferometer, the beat frequency, foutof -loop, heterodyned between the first-order diffracted beam and the comb, which can be expressed as
From this equation, it is clear that the foutof -loop is stabilized at the frequency fLO, and the noise carried by fcw is removed by the finloop with the opposite signs in terms of fcw and fAOFS.
In one experiment, we obtained the beat signal of about 22.2 MHz and mixed it with an RF signal of 102.2 MHz to obtain the 80 MHz driving signal for the AOFS. According to Eq. (1), the foutof -loop should be fixed at 102.2 MHz after being locked. Figure 2 shows the foutof -loop beat note frequency spectrum and the linewidth after locking. The frequency spectrum content of foutof -loop is recorded by using the frequency spectrum analyzer (R&S, FSW26) with 1 kHz resolution bandwidth. The foutof -loop had a 45 dB signal-to-noise ratio and contained more than 90% of RF power within the coherent carrier. In addition, two bumps appear at approximately 0.28 MHz on both sides of the center frequency, foutof -loop, indicating that the actual bandwidth of the whole feedforward system is approximately 280 kHz. This was dependent on the rising time of acoustic wave transmission in the AOFS. To investigate the exact relative linewidth of foutof -loop, we used a fast Fourier transform (FFT) analyzer (SRS, SR770) with the resolution bandwidth of 0.47 mHz to measure the frequency spectrum distribution. The curve in Fig. 2(b) shows that the original data points match a Lorentzian line shape, and the relative linewidth is reduced to 1.14 mHz.
We also compared the frequency shift of the foutof -loop in a long time series by a frequency counter using the 1064 nm CW laser with and without feed-forward locking to the comb. When the 1064 nm CW laser was in the condition of pre-iodine-stabilization, the foutof -loop had a kilohertz of jitter in a 1 s time gate and dozens of kilohertz of drift in the long term, dropping from 40 kHz to −40 kHz over a 1.8 h time period, shown by the blue shade in Fig. 3(a) . After feed-forward locking to the ultrastable comb, both the fast jitter and the slow shift in the foutof -loop were depressed to a large extent. The red line in Fig. 3(a) represents the frequency drift of the stabilized foutof -loop, like a straight line without any fluctuation compared to the blue curve. The detail over the 3-h time period of the stabilized foutof -loop is described in Fig. 3(b) , which corresponds to a 4.1 mHz standard deviation of the shift. The calculated Allan deviation is shown in Fig. 3(c) with a tracking stability of 1.5 × 10 −17 in a 1 s sampling rate at the central wavelength of 1064 nm, where the tracking stability dropped below 2.7 × 10 −19 at 1000 s gate time. This was attributed to the AOFS with ∼1.4 MHz frequency mismatch tolerance, which was larger than in the general servo-loop circuit.
For a deeper look at the noise performance, the phase noise power spectral density (PSD) and the integrated phase noise (IPN) of the locked foutof -loop were observed in frequency-resolved 1000 s (1 mHz-10 MHz). We could not measure the PSD of the free running beat note signal foutof -loop because of strong jitter in the regime of exceeding 1 s where the analyzer was unable to read the data. At high frequencies, from 1 Hz to 1 MHz, as shown in Fig. 4(a) , the total IPN was 381 mrad, which corresponded to 216 as timing jitter. The inflection point at 280 kHz across the PSD distribution reflected the bandwidth of the feed-forward scheme, in accordance with the analysis of Fig. 2(a) . The 80% of residual integrated phase noise originated from outside the servo bandwidth, and the noise below hundreds of kilohertz was well suppressed. Figure 4(b) shows the low frequency noise, characterized from 1 mHz to 10 Hz, measured with the FFT analyzer. The IPN from 1 mHz to 10 Hz was 20.5 mrad, which corresponded to 11.6 as residual timing jitter. When transformed to the frequency noise amplitude spectral density in the unit of Hz/ √ Hz, the noise amplitude was 2 × 10 −3 Hz/ √ Hz in 1 mHz. It is worth noting that a CW laser with such low IPN in the low frequency range benefits the detection of low frequency gravitational waves. 26 In conclusion, we demonstrated that precision locking can occur between a 1064 nm CW laser and an ultrastable optical frequency comb by the feed-forward method without the servo-loop. The out-of-loop measurements confirmed that the stability and coherent properties of the ultrastable comb were transferred to the 1064 nm CW laser. The relative linewidth of the stabilized CW 1064 nm laser was narrowed to 1.14 mHz, and the Allan deviation was 1.5 × 10 −17 in 1 s, which is on the same scale of the ultrastable comb. The integrated phase noises in the range of the high frequencies (1 Hz-10 MHz) and low frequencies (1 mHz-10 Hz) reached 381 mrad and 20.5 mrad, respectively. The long-term stability and the phase noise have shown the robustness and reliability of the feed-forward scheme and indicate that such a stabilized CW laser may find important applications in low frequency gravitational wave detection and high precision optical frequency synthesis. In the future, we will lock multiwavelength CW lasers to ultrastable frequency comb with the feed-forward scheme to establish an ultrastable and ultraprecise optical frequency synthesizer. 
